Ipomeamarone 15-hydroxylase activity was found in a microsomal fraction from cut-injured and Ceratocystis Jinbriata-infected sweet potato (Ipomoea batatas Lam. cv Ipomeamarone 15-hydroxylase activity was not found in fresh tissue of sweet potato roots. However, the activity appeared and increased markedly in response to cut-injury or infection by Ceratocystisfimbriata, and reached a maximum after 24 to 36 hours of incubation. The increase in activity in the latter case was 3-to 5-fold higher than in the former. The time course patterns of development and successive decline in ipomeamarone hydroxylase activities were similar to those for cinnamic acid 4-hydroxylase activity, which had been described as a cytochrome P450-dependent, mixed-function oxygenase. However, little substrate competition was found between ipomeamarone 15-hydroxylase and cinnamic acid 4-hydroxylase in our preparations.
micromolar, respectively. NADPH alone had little effect on enzyme activity but activated the reaction in the presence of low concentrations of NADPH. Ipomeamarone 15-hydroxylase activity was strongly inhibited by p-chloromercuribenzoic acid and markedly suppressed by cytochrome c and pbenzoquinone. KCN was an activator rather than an inhibitor for the reaction. CO inhibited the activity strongly and its inhibition was partially reversed by light. CO difference spectra of the reduced microsomal fraction showed two absorption maxima at 423 and 453 nm; the latter maximum may be due to a cytochrome P-450. These results suggest that ipomeamarone 15-hydroxylase is a cytochrome P450-dependent, mixed-function oxygenase.
Ipomeamarone 15-hydroxylase activity was not found in fresh tissue of sweet potato roots. However, the activity appeared and increased markedly in response to cut-injury or infection by Ceratocystisfimbriata, and reached a maximum after 24 to 36 hours of incubation. The increase in activity in the latter case was 3-to 5-fold higher than in the former. The time course patterns of development and successive decline in ipomeamarone hydroxylase activities were similar to those for cinnamic acid 4-hydroxylase activity, which had been described as a cytochrome P450-dependent, mixed-function oxygenase. However, little substrate competition was found between ipomeamarone 15-hydroxylase and cinnamic acid 4-hydroxylase in our preparations.
When sweet potato root tissue is infected by Ceratocystisfimbriata Eli. and Halst., various antifungal furano-sesquiterpenes belonging to the phytoalexins accumulate in the infected region (30) . The main component is ipomeamarone (5) . Ipomeamarone is hydroxylated to yield ipomeamaronol (10) by ipomeamarone 15-hydroxylase, (Fig. 1) . (3) . In vivo experiments indicated that ipomeamaronol was further converted to unidentified components which were somewhat hydrophilic (21) . Accordingly, we suggested that 15-hydroxylation was the first step in ipomeamarone degradation.
In recent years there has been experimental evidence that Cyt P450-dependent, mixed-function oxygenases participate in secondary metabolism in higher plants. These enzymes involve oxygenations of ent-kaur-16-ene as well as some of its oxidized derivatives in immature Marach macrocarpus seeds (19) , cinnamic acid 4-hydroxylation in pea seedlings (28) , sorghum seedlings (26), Jerusalem artichoke tubers (1) , and cut-injured sweet potato roots (29) , and 10-hydroxylation of geraniol and nerol in Vinca rosea seedlings (16, 18) . The above reports have indicated that mixedfunction oxygenation activities existed in microsomal fractions, required NADPH and 02, were strongly inhibited by CO, and the CO inhibition was photoreversible.
This paper reports that ipomeamarone 15-hydroxylase also has general characteristics of a Cyt P450-dependent, mixed-function oxygenase. Further, it deals with the relationship of ipomeamarone 15-hydroxylase with cinnamic acid 4-hydroxylase and the other microsomal enzymes, and discusses the physiological significance in sweet potato root tissue in response to cut-injury and infection by C. fimbriata. NADPH, NADH, NADP+, and NAD+, Sigma Chemical Company; glucose 6-P, glucose 6-P dehydrogenase, and Cyt c, Boehringer Mannheim GmbH; silica gel for TLC, Wakogel B-5F, (Wakojun-yaku Company); and ITLC (ITLC-SAF) paper, Gelman Instrument Company.
MATERIALS AND METHODS
Purification of Nonlabeled lpomeamarone. Ipomeamarone was prepared from C. fimbriata-infected sweet potato root tissue by the method previously reported (22) with some modifications. The parenchymatous tissue of the roots was cut in blocks (1-1.5 cm thick). Tissue blocks were inoculated with C. fimbriata by procedures previously described (23) and incubated at 29°C for 3 d. After the incubation, 50 g of the infected regions (I mm thick) were excised from the blocks, and homogenized in 125 ml of chloroform-methanol (1:1, v/v). Then the homogenate was passed through a glass filter, and the tissue residue was washed twice with 50 ml of the extracting solvent. The fitrate was shaken with 0.4 part of deionized H20, and the suspension separated into two layers by centrifugation. The chloroform layer was evaporated in vacuo and the resulting concentrate (crude terpene fraction) was applied to a silica gel TLC plate, which was developed with nhexane-ethyl acetate (8:2, v/v 18 ,imol in a total volume of 1 ml) was evenly applied to the upper cut surfaces of the 20 discs, which were then incubated at 29°C for 6 h. ['4C]Ipomeamarone thus produced (8) was purified by the methods described for the isolation of nonlabeled ipomeamarone.
Preparation of Enzyme Solution. Enzyme solutions were prepared by the following method except for time course experiments of various enzyme activities. Roots were washed and sterilized with 0.05% NaOCl solution followed by a thorough washing with tap water. The parenchymatous tissue of the roots was sliced in 3-mm thick pieces with a meat slicer, and the slices (40 g) were incubated for 24 h at 29°C. The tissue was suspended in 100 ml of 50 mM Tris-HCl buffer (pH 8.5) containing 0.5 M sucrose, 1 mm EDTA, 1% (w/v) sodium isoascorbate, Polyclar AT (0.2 x fresh weight of tissue), and 0.5% (w/v) BSA and homogenized in a blender at maximum speed, six times each for 15 s. The homogenate was squeezed through two layers of nylon gauze and the filtrate was centrifuged at 10,000g for 15 min. The supernatant solution was applied to a Sephadex G-25 column (500 ml bed volume) previously equilibrated with 50 mi Tris-HCl buffer (pH 8.5) containing 0.5 M sucrose, 1 mm EDTA, and 1 mm DTT and eluted with the same buffer. The effluent solution was centrifuged at 100,000g for 2 h. The precipitate was suspended in 5 ml of 50 mM Tris-HCl buffer (pH 8.5) containing 0.5 M sucrose and 0.3 mm DTT and the suspension used for the enzyme solution. In time course experiments of various enzyme activities, the parenchymatous tissue of the roots was cut into blocks 1.0 to 1.5 cm thick. Then, cut-injured tissue samples were prepared from cut-injured surface region (1.0-1.5 mm thick) of the tissue blocks which had been incubated for various periods at 29°C. Diseased tissue samples were prepared from noninfected region (1.0-1.5 mm thick) adjacent to the infected region of the tissue blocks which were inoculated by C. fimbriata and incubated for various periods at 29°C. The enzyme solution was prepared by the method previously described except that the first centrifugation was performed at 300g for 10 min, instead of 10,000g for 15 min.
Enzyme Assays. The basis of the assay for ipomeamarone 15- hydroxylase is the conversion of ["Clipomeamarone to ipomeamaronol, subsequent isolation of the product by chromatography, and assay for radioactive ipomeamaronol. Identification of the reaction product was previously reported by Fujita et al. (3) . The standard reaction mixture contained 62,iM ipomeamarone, 50 mM Tris-HCl buffer (pH 8.0), 0.87 mm NADP+, 1.5 mm glucose 6-P, 0.3 unit glucose 6-P dehydrogenase, 0.5 M sucrose, and microsomal fraction (1-4 mg of protein) in a final volume of 1.5 ml. The reaction was initiated by the addition of the microsomal fraction and incubated for 1.0 h at 30°C. Enzyme activity was linear for 1.5 h and proportional to enzyme concentrations up to 4 mg of protein. The reaction was terminated by the addition of 3.5 ml of chloroform-methanol (1:1, v/v), and then a small amount (approximately 1 [lI) of crude terpene fraction was added for chromatographic markers. After shaking the suspension, the chloroform layer was recovered. After a second extraction with chloroform, the extracted solutions were combined and evaporated to dryness. The residue was dissolved in a small volume of chloroform-methanol (1:1, v/v) and the sample applied to ITLC paper. This was first developed to a height of 6 cm with n-hexane-ethyl acetate (6:4, v/v) and then to 15 cm with n-hexane-ethyl acetate (9:1, v/v). Ipomeamaronol was located on the chromatogram by comparison with marker terpenes. The chromatogram was either cut into 1-cm sections, or the portions of the chromatogram bearing the ipomeamaronol fraction were scraped from the paper. The pieces of the chromatograms and the ipomeamaronol fractions were placed in 5 ml of scintillator solution (0.08 g PPO and 4 mg POPOP per 5 ml of toluene), and the samples counted in a liquid scintillation spectrometer (Packard Tri-Carb model 3320). Cinnamic acid 4-hydroxylase activity was assayed by method I of Tanaka et al. (29) enzyme activity was examined over a range of pH 6.5 to 10.0. The optimum pH of the reaction was 8.0, as shown in Figure 2 .
The enzyme requires NADPH for the activity; NADP+ was ineffective (Table I) . NADH alone was not effective, but the addition of NADH together with subsaturating levels of NADPH stimulated the enzyme activity over the levels observed with NADPH alone (Fig. 3) . In the absence of NADPH, the activity was negligible in spite of the presence of NADH. But the presence of 1 ,UM NADPH, simultaneous addition of NADH stimulated enzyme activity markedly. As the concentration of NADPH was increased, however, the stimulation by NADH decreased, and in the presence of 1 mm NADPH, the stimulation by NADH was not detected. These results seem to reflect the synergistic interaction between components of the NADPH-dependent electron transport system and those of the NADH-dependent electron transport system in microsomes. In 100,000g for 2 h) was prepared from diseased tissue taken from noninfected regions (1.0-1.5 mm thick) adjacent to infected regions of tissue blocks (1.0-1.5 cm thick) which had been inoculated with C. fimbriata and incubated for 24 h at 29°C. Microsomal fraction (3.6 g tissue/ml, 2.4 mg microsomal protein/ml) containing NADPH-regenerating system (I mm NADP+) was divided equally into two cells. Base line of equal light absorbance was first plotted, then CO was bubbled into sample cell for 2 min and difference spectrum (---) was recorded. After recording difference spectrum, a small amount of solid dithionite was added to both cells and difference spectrum (-) was again recorded.
al. (26) previously reported that p-benzoquinone was an effective inhibitor of cinnamic acid 4-hydroxylase from sorghum seedlings. Thus, the above results strongly suggest that ipomeamarone 15-hydroxylase activity has components of the microsomal electron transport system. Effects of composition of gas phase on this enzyme activity are shown in Table III . The 02/N2 value was adjusted to 0.18 and 0, and relative activities, which are expressed as percentage of the activity at 0.25 of 02/N2 value (air), decreased 10%o and 75%, respectively. The decrease indicates an 02 requirement for ipomeamarone 15-hydroxylase activity. Since activity was detected at 0% 02/N2 it is suspected that removal of 02 from the reaction system was not complete. The presence of 15% CO caused 60%o inhibition and the inhibition was relieved 62% by light. The above results strongly indicate that ipomeamarone 15-hydroxylase is a Cyt P-450-associated, mixed-function oxygenase.
CO Difference Spectra of Microsomal Fractions from Sweet Potato Root Tissue. The presence of CO-binding pigment in the microsomal fraction from sweet potato root tissue was confirmed by the difference spectrum of the microsomal fraction from diseased tissue (Fig. 4) . One absorbance peak was seen at 453 nm when NADPH was used as the reducing agent and the spectrum measured immediately. However, within a few minutes another absorbance peak at 423 nm gradually increased to approximately 1.5-fold of the peak at 453 nm. When sodium dithionite was added as a reducing agent, the peak at 423 nm appeared faster and became more prominent; two additional peaks at 540 and 573 nm also were detected. The peaks at 423, 540, and 573 nm corresponded closely to those in the CO difference spectra of peroxidase from other sources (6, 13) . The presence of peroxidase in sweet potato root tissue was previously reported by Kawashima and Uritani (11, 12) . The peak at 453 nm in the CO difference spectrum provides direct evidence for a Cyt P-450 in this system. The Cyt P-450 concentrations calculated from the peaks at 453 nm in fresh tissue, cut-injured tissue, and diseased tissue were 1.2, 7.8, and 16 pmol/g of tissue weight, respectively. The intensities of the A at 453 nm seem to be associated with activities of ipomeamarone 15-hydroxylase and cinnamic acid 4-hydroxylase (Fig. 5, A and B Figure 5 , A and B, respectively. Both ipomeamarone 15-hydroxylase and cinnamic acid 4-hydroxylase were undetectable in fresh tissue, but their activities appeared and increased dramatically in response to cut-injury or infection; they reached a maxima after 1.0 to 1.5 d, and then declined. Interestingly, maximal activity of ipomeamarone 15-hydroxylase was approximately 5-fold higher in response to infection than in response to cut-injury (Fig. 5 ), but the maximal activity of cinnamic acid 4-hydroxylase in the former case was similar to the latter case (Fig. 5.) , and was sometimes up to 2-fold higher. Levels of NADPH-Cyt c reductase and NADH-Cyt c reductase, the marker enzymes of mammalian microsomes, increased and reached maxima in 1.0 to 1.5 d after incubation in response to cut-injury or infection, then they gradually declined. Protein content was higher in infected tissues.
DISCUSSION
The enzyme, ipomeamarone 15-hydroxylase, which specifically required NADPH as its cofactor and molecular oxygen as a substrate for the hydroxylation of ipomeamarone, has the properties expected of a mixed function oxygenase. The activity was found in the microsomal fraction and was inhibited by p-chloromercuribenzoic acid, HgCl2, and CuCl2, inhibitors of sulfhydryl enzymes, and was strongly reduced in the presence of Cyt c and p-benzoquinone, both nonphysiological electron acceptors of microsomal electron transport systems. KCN did not inhibit, but instead activated this hydroxylase activity. A stimulation by cyanide has been reported in aniline p-hydroxylation from rat liver microsomes (9) . This enzyme activity was inhibited by CO and the inhibition was partially reversed by light. The above results indicate that a microsomal electron transport system containing Cyt P-450 is a component of ipomeamarone 15-hydroxylase. Although the participation by Cyt P-450-dependent, mixed-function oxygenases has been reported in some secondary metabolism systems in higher plants, their involvement in phytoalexin metabolism has not been previously reported.
CO difference spectra of reduced microsomal fractions from cut-injured or diseased tissue gave an absorbance maximum around 453 nm but such spectra were scarcely detectable in fresh tissue preparations. This absorbance maximum was thought to be associated with a pigment such as Cyt P-450 which exists in mammalian liver microsomes and also appears to occur in plants (25) . The content of Cyt P-450 calculated from the absorbance at 453 nm seemed to reflect the amount of ipomeamarone 15-hydroxylase and cinnamic acid 4-hydroxylase activities in fresh tissue, cut-injured tissue, and diseased tissue. However, the A at 453 nm may not only be due to Cyt P-450 associated with ipomeamarone 15-hydroxylase and cinnamic acid 4-hydroxylase but to other, as yet unknown systems as well; the existence of various kinds of Cyt P-450 has been reported in mammalian sources such as rabbit liver (7) . In higher plants, as far as we know, data suggesting the existence of multiple Cyt P-450 forms have been reported previously only by Reichhart et al. (27) and Coolbaugh et al. (2) . In this paper, substrate competition studies were carried out on ipomeamarone 15-hydroxylase and cinnamic acid 4-hydroxylase activities using nonlabeled ipomeamarone and cinnamic acid. These experiments showed almost no substrate competition among the two enzyme activities. This suggests a narrow specificity for substrates in Cyt P-450 in plants, as indicated by West (31) . Further, ipomeamarone 15-hydroxylase activity in diseased tissue was 3-to 5-fold higher than that in cut-injured tissue, but cinnamic acid 4-hydroxylase activity in diseased tissue was approximately the same as, or a little larger than, that in cutinjured tissue. These results suggest that multiple Cyt P-450 forms are formed in both cut-injured and C. fimbriata-infected sweet potato root tissues.
In this laboratory the pathway for ipomeamarone synthesis has been studied in C. fimbriata infected sweet potato root tissue (30); but much remains to be known about the metabolism of the compound. When one thinks physiologically about responses of sweet potato root tissue to C. fimbriata infection, the fate of ipomeamarone is important because ipomeamarone is toxic not only to C. fimbriata but also to sweet potato root tissue itself. In vivo experiments have yielded evidence that ipomeamarone accumulates in the infected surface region (21) . Evidence was also presented that the ipomeamarone was converted to unidentified water soluble small fragments (20) . Assuming that these small fragments of ipomeamarone are nontoxic and are derived from ipomeamaronol, such results and those presented here lead us to suggest that ipomeamarone 15-hydroxylation may serve in a mechanism of detoxification of ipomeamarone in sweet potato root tissue.
